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►  LiNio.5Mn1.5O4  is  treated  with  nitric 
acid  to  reduce  the  degree  of  cation 
ordering. 

►  The  loss  of  cation  ordering  makes 
LiNio.5Mn1.5O4  Fd3m-like. 

►  This  structural  change  significa¬ 
ntly  enhances  its  electrochemical 
properties. 
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We  demonstrate  the  effects  of  reduced  cation  ordering  on  the  electrochemical  properties  of 
LiNio.5Mn1.5O4.  LiNio.5Mn1.5O4  is  treated  with  nitric  acid  to  reduce  the  degree  of  cation  ordering.  Nitric 
acid  treatment  induces  partial  oxidation  of  Ni2+  to  Ni3+  as  confirmed  by  X-ray  photoelectron  spectros¬ 
copy  (XPS).  Thanks  to  this  oxidation,  the  16d  octahedral  site  in  LiNio.5Mn1.5O4  is  quite  void  of  cation 
ordering  and  its  structure  is  partially  changed  to  more  disordered  spinel  engaged  in  Fd3m.  This  structural 
change  is  accompanied  by  significantly  enhanced  electrochemical  performances  in  rate  capability  as  well 
as  cyclic  retention.  Actually,  nitric  acid  treated  LiNio.5Mn1.5O4  can  deliver  about  87%  of  the  initial  capacity 
(129  mAh  g-1)  even  after  100  cycles  even  at  55  °C. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

High-energy  and  high-power  rechargeable  Li-ion  batteries  are 
the  essential  components  of  portable  electronic  devices  and 
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hybrid-electric  vehicles  [1].  LiM^CH  spinels  have  been  extensively 
investigated  due  to  their  low  cost,  easy  preparation,  safety,  and 
environmental  advantages  [2,3].  However,  this  material  suffers 
from  poor  cycling  behavior  especially  at  high  temperature  [4]. 
Although  the  origin  of  this  capacity  fading  has  not  been  fully 
understood,  several  possible  mechanisms  have  been  suggested, 
including  the  Jahn-Teller  distortion,  the  dissolution  of  Mn  at  high 
temperature  originating  from  the  Mn3+^4+  redox,  and  the  change  in 
the  crystal  lattice  arrangement  with  cycling  [5-9]. 
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As  one  of  the  ways  to  improve  the  poor  cycling  behavior  of 
LiMn204,  metal  substitution  into  its  framework  has  been  suggested 
resultantly  introducing  the  transition  metal-substituted  spinel 
materials  (LiMxMn2_x04,  M  =  Cr,  Ni,  Co,  Fe,  Cu,  Al,  etc.)  with  higher 
voltage  plateau  around  5  V  [10-13].  The  capacity  and  potential 
plateau  of  LiMxMn2_x04  are  tentatively  dependent  on  the  kind  of 
transition  metals  used  and  their  content.  Among  them, 
LiNio.5Mn1.5O4  has  drawn  the  greatest  attention  for  its  advanta¬ 
geous  plateau  evolution  that  two  potential  plateaus  are  commonly 
developed  around  4.7  V  differing  from  other  spinel  materials  with 
two  separate  plateaus  at  4.0  and  5  V  [12].  The  characteristic 
potential  plateaus  of  LiNio.5Mn1.5O4  around  4.7  V  are  each  attrib¬ 
uted  to  the  redox  reactions  of  Ni2+/Ni3+  and  Ni3+/Ni4+.  Even  if 
LiNio.5Mn1.5O4  exhibits  high  discharge  capacity  with  quite  stable 
cyclic  retention,  the  reaction  between  its  surface  and  electrolyte  at 
high  operating  voltage  as  well  as  the  ordering  of  Ni2+  and  Mn4+ 
ions  in  the  16d  octahedral  sites  of  the  spinel  lattice  results  in  an 
inevitable  capacity  fading  particularly  at  elevated  temperatures 
and  a  poor  rate  capability,  which  preventing  its  commercialization 
[10-14]. 

Previous  reports  indicate  that  LiNio.5Mn1.5O4  has  two  different 
crystal  structures  engaged  in  P4332  (stoichiometric  ordered 
LiNio.5Mn1.5O4)  in  which  Mn  ions  are  only  composed  of  Mn4+;  and 
Fd3m  (non-stoichiometric  disordered  LiNi0.5Mni.5O4_(5)  where  the 
oxidation  state  of  Mn  ions  can  be  diversified  from  Mn3+  to  Mn4+. 
Non-stoichiometric  LiNi0.5Mni.5O4_(5  has  face-centered  cubic  spinel 
structure  ( Fd3m )  where  Ni  and  Mn  atoms  are  randomly  distributed 
in  16d  sites  while  Li  and  O  occupy  8a  tetrahedral  sites  and  32e 
sites,  respectively  [15,16].  On  the  other  hand,  stoichiometric 
LiNio.5Mn1.5O4  has  a  primitive  simple  cubic  structure  ( P4332 )  in 
which  Ni,  Mn  and  Li  atoms  occupy  totally  different  sites  each  cor¬ 
responding  4a,  12d,  4c,  whereas  O  atoms  resides  in  8c  and  24e  sites. 
It  has  been  well  known  that  non-stoichiometric  LiNio.5Mni.504_«5 
with  the  disordered  distribution  of  Ni  and  Mn  in  16d  site  exhibits 
superior  electrochemical  performances  to  stoichiometric  one  [17]. 

In  this  paper,  we  suggest  the  effect  of  nitric  acid  treatment  on 
the  structure  and  electrochemical  properties  of  LiNio.5Mn1.5O4. 
Various  structural  analyses  including  XPS,  XRD,  Raman  spectros¬ 
copy  prove  that  nitric  acid  treatment  induces  the  disordering  of  Ni 
and  Mn  especially  on  the  surface  of  LiNio.5Mn1.5O4  resultantly 
rendering  the  structure  of  as-synthesized  LiNio.5Mn1.5O4  more 
Fd3m-like.  The  electrochemical  analyses  inform  that  the  surface- 
treated  LiNio.5Mn1.5O4  using  nitric  acid  is  almost  void  of  the  redox 
trace  of  Ni2+/Ni3+  during  reduction  clearly  due  to  the  partial 
oxidation  of  Ni2+  to  Ni3+  as  confirmed  by  X-ray  photoelectron 
spectroscopy.  This  means  that  Mn4+  is  reduced  to  Mn3+  for  the 
charge  balance  clearly  proving  that  the  surface  structure  of  as- 
synthesized  LiNio.5Mn1.5O4  becomes  more  Fd3m-like.  Herein,  the 
structure  and  the  electrochemical  properties  of  the  surface-treated 
LiNio.5Mn1.5O4  will  be  discussed  in  comparison  with  the  bare  one. 

2.  Experimental 

2.1.  Preparation  of  LiNio.5Mnis04 

LiNio.5Mn1.5O4  spinels  were  prepared  by  the  carbon  combustion 
method.  The  stoichiometric  amounts  of  lithium  nitrate  (LiN03,  5% 
excess),  nickel  nitrate  (Ni(N03)2-6H20)  and  manganese  nitrate 
(Mn(N03)2  -6H20)  were  dissolved  in  distilled  water  to  obtain  a  1  M 
solution.  1  mol  of  sucrose  was  dissolved  in  the  nitrates  solution  and 
then  the  solution  was  heated  at  80  °C  for  3  h.  The  temperature  of 
the  solution  was  increased  to  120  °C.  After  a  few  minutes,  the  mass 
starts  to  burn  up  spontaneously  without  flame.  The  product  of  the 
reaction  (“as-prepared”)  sample  was  ground  into  a  powder.  Then 
the  as-prepared  samples  were  heated  at  800  °C  for  4  h  and 


subsequently  annealed  at  600  °C  for  10  h.  The  obtained  powder  was 
immersed  in  an  aqueous  HNO3  solution  (1  M)  for  15  h  at  room 
temperature  to  oxidize  the  surface,  then  dried  and  annealed  in  N2 
gas  atmosphere  at  400  °C  for  1  h. 

2.2.  Electrochemical  experiment 

The  electrodes  were  prepared  by  pasting  an  aqueous  slurry 
containing  80  wt.%  obtained  powder,  10  wt.%  Super-P,  and  10  wt.% 
polyvinylidene  fluoride  (PVDF).  The  electrodes  were  then  dried  at 
120  °C  for  24  h  under  vacuum.  The  cast  electrodes  were  cut  to  a  size 
of  cpl2.  The  final  loading  density  of  the  electrode  material  (i.e.,  the 
annealed  LiNio.5Mn1.5O4  powder)  was  5.5  mg  cm-2.  The  electrolyte 
was  1.15  M  LiPF6  in  a  mixture  of  ethyl  carbonate  (EC),  ethyl-methyl 
carbonate  (EMC)  and  dimethyl  carbonate  (DMC)  (PANAX,  South 
Korea).  2032  coin-type  half-cells  were  fabricated  using  metallic 
lithium  foil  as  a  counter  electrode. 

2.3.  Structure  characterization 

The  phase  components  of  the  samples  were  investigated  by 
powder  X-ray  diffractometry  (XRD,  Rigaku,  D/Max-2500)  with  Cu  K 
radiation.  In  order  to  exactly  figure  out  the  real  structure  and 
symmetry  before  and  after  nitric  acid  treatment,  Rietveld  refine¬ 
ment  was  carried  out  on  pristine-  and  surface-treated- 
LiNio.5Mn1.5O4.  The  Fd3m  initial  crystal  structural  model  of  two 
samples  were  constructed  with  crystallographic  data  based  on 
Fd3m  and  P4332.  The  morphology  of  these  samples  was  examined 
using  field  scanning  electron  microscopy  (FE-SEM,  JEOL,  JSM- 
7000F).  The  Raman  spectra  for  pristine-  and  surface-treated- 
LiNio.5Mn1.5O4  were  also  collected  with  a  Confocal  Laser  Micro 
Raman  Spectrometer  (LABRAM-HR,  Jobin  Yvon)  using  an  excitation 
light  of  514.5  nm  from  Ar  ion  laser.  X-ray  photoelectron  spectros¬ 
copy  (XPS)  was  performed  to  determine  the  average  oxidation  of 
states  Ni  and  Mn  in  the  materials.  XPS  spectra  were  collected  on  PHI 
5000  VersaProbe™  equipment  (ULVAC-PHI)  with  a  non- 
monochromatic  Al  Ka  _  (1486.6  eV)  light  source.  The  cyclic  vol- 
tammograms  of  the  cells  were  characterized  using  a  potentiostat 
(VSP,  Biologic).  The  capabilities  and  cycle  performances  of  the  half¬ 
cell  were  tested  on  a  battery  tester  (Maccor,  S-4000). 

3.  Results  and  discussion 

XRD  patterns  of  pristine  LiNio.5Mn1.5O4  and  surface-treated  one 
using  nitric  acid  are  presented  in  Fig.  1.  It  is  obvious  that  all  of 
reflections  are  similar  to  the  conventional  LiNio.5Mn1.5O4  with 
spinel  structure.  However,  because  the  peaks  coming  from  pristine 
LiNio.5Mn1.5O4  and  surface-treated  one  could  not  be  discriminated 
without  any  detailed  refinement,  we  conducted  Rietveld  refine¬ 
ment  to  identify  their  structures.  A  careful  examination  revealed 
that  even  if  the  two  XRD  patterns  are  somewhat  different,  they 
fundamentally  seem  to  be  engaged  in  the  same  space  group  ( Fd3m ). 
Comparative  refinements  for  the  XRD  patterns  of  pristine  sample 
and  surface-treated  one  suggest  that  two  reflections  can  be  indexed 
to  P4332  or  Fd3m.  (Fig.  SI  and  S2)  This  result  indicates  that  the  bulk 
structure  of  LiNio.5Mn1.5O4  is  constructed  in  the  mixed  framework 
composed  of  P4332  or  Fd3m,  and  maintains  its  original  symmetry 
and  structure  irrespective  of  nitric  acid  treatment.  Hence,  it  is 
evident  that  the  effect  of  nitric  acid  treatment  is  confined  to  the 
surface  structure  of  LiNio.5Mn1.5O4  [11].  More  detailed  structural 
change  after  nitric  acid  treatment  has  been  exploited  by  X-ray 
photoelectron  spectroscopy  (XPS)  and  Raman  spectroscopy. 

XPS  was  conducted  to  figure  out  the  surface  structure  of 
LiNio.5Mn1.5O4  before  or  after  nitric  acid  treatment.  The  binding 
energy  change  offers  the  information  mainly  on  the  oxidation  state 
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Fig.  1.  X-ray  diffraction  patterns  of  the  pristine  LiNio.5Mn1.5O4  and  surface-treated 
LiNio.5Mn1.5O4  samples. 


of  different  elements  in  LiNio.5Mn1.5O4.  The  Ni  2p3/2  XPS  spectra  of 
pristine  LiNio.5Mn1.5O4  and  surface-treated  one  are  shown  in 
Fig.  2(a).  The  Ni  2p3/2  binding  energy  of  pristine  LiNio.5Mn1.5O4  is 
located  at  ~  854.8  eV,  whereas  that  of  surface-treated  one  using 
nitric  acid  is  increased  to  ~  855.1  eV.  Considering  that  Ni3+  and 
Ni2+  each  give  rise  to  the  Ni  2p3/2  binding  energies  at  855.8  and 
854.5  eV,  this  positive  shift  seems  to  originate  from  the  partial 
oxidation  from  Ni2+  to  Ni3+  [18,19].  Because  both  pristine 
LiNio.5Mn1.5O4  and  surface-treated  one  are  primarily  engaged  in 
Fd3m,  in  which  Ni  and  Mn  ions  are  all  located  in  16d  octahedral 
sites,  the  oxidation  of  Ni  ions  naturally  breaks  the  electrostatic 
charge  balance.  Fig.  2(b)  explains  how  the  charge  balance  is 
reconstructed  in  surface-treated  LiNio.5Mn1.5O4.  Its  Mn  2p3/2 
binding  energy  is  negatively  shifted  to  ~  642.3  eV  indicating  that 
Mn  ions  in  16d  octahedral  sites  are  partially  reduced  to  Mn3+  (The 
Mn  2p3/2  XPS  binding  energies  of  Mn3+  and  Mn4+  are  641.9  and 
643.2  eV,  respectively.)  [20,21].  The  atomic  concentrations  of  the 
tested  samples,  obtained  using  the  Mn  2p3/2  and  Ni  2p3/2  spectra, 
indicated  clearly  that  the  partial  reduction  of  Mn  as  well  as  the 
partial  oxidation  of  Ni  was  induced  by  the  nitric  acid  treatment 
(Table  1 ).  From  the  depth  profiles  of  the  Ni  and  Mn  atoms,  shown  in 
Fig.  3,  it  was  apparent  that  the  partial  changes  in  the  oxidation 
states  of  the  Ni  and  Mn  atoms  were  confined  to  the  surface  of  the 
LiNio.5Mn1.5O4  sample.  This  phenomenon  confirmed  that,  as 
a  result  of  the  nitric  acid  treatment,  the  16d  octahedral  sites  on  the 
surfaces  of  the  LiNio.5Mn1.5O4  particles  exhibited  a  more  disordered 
arrangement  of  the  transition  metals.  This  was  owing  to  the 
transfer  of  electrons  from  Ni  to  the  other  transition  metals, 
a  phenomenon  that  has  been  reported  to  reduce  the  degree  of 
cation  ordering  in  Ni-containing  compounds  [20,22].  As  shown  in 
Fig.  S3,  there  were  no  morphological  changes  in  the  treated  sample 
after  the  nitric  acid  treatment,  even  though  this  treatment  resulted 
in  the  partial  reduction  of  Mn  atoms,  along  with  the  partial 
oxidation  of  Ni  atoms.  Results  of  a  Brunauer-Emmett-Teller  (BET) 
analysis,  shown  in  Table  SI,  also  suggested  that  the  change  induced 
by  the  nitric  acid  treatment  on  the  surface  of  the  LiNio.5Mn1.5O4 
sample  was  very  small.  This  small  change  was  attributed  to  the 
destruction  of  the  surface  oxidation  layer  by  the  nitric  acid  treat¬ 
ment,  as  proven  by  the  elemental  depth  profiles  of  the  pristine 
LiNio.5Mn1.5O4  and  surface-treated  LiNio.5Mn1.5O4  samples,  shown 
in  Fig.  S4. 

The  Raman  spectra  of  LiNio.5Mn1.5O4  before  or  after  nitric  acid 
treatment  are  given  in  Fig.  4.  According  to  Oh  et  al.,  the  strong  band 
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Fig.  2.  X-ray  photoelectron  spectra  of  the  pristine  and  surface- treated  LiNio.5Mn1.5O4 
samples:  (a)  the  Ni  2p3/2  spectra  and  deconvoluted  peaks  attributable  to  Ni2+  and  Ni3+ 
ions  (b)  the  Mn  2p3/2  spectra  and  deconvoluted  peaks  attributable  to  Mn3+  and  Mn4+ 
ions. 

around  635  cm-1  is  assigned  to  the  symmetric  Mn— O  stretching 
mode  of  Mn06  octahedra,  whereas  both  peaks  around  402  and 
491  cm-1  are  associated  with  the  Ni2+— O  stretching  mode.  Another 
peak  near  580-608  cm”1  is  considered  as  T^  of  the  spinel 
compound  whose  splitting  is  obviously  indicative  of  the  ordered 
structure  engaged  in  P4332.  The  strong  bands  around  400,  239,  218 
and  161  cm”1  are  also  attributed  to  P4332.  In  addition,  all  reflections 
from  P4332  spinel  tend  to  be  sharper  and  better  resolved  than  Fd3m 
spinel  [23].  Fig.  4  shows  that  the  T^  band  for  pristine 
LiNio.5Mn1.5O4  is  clearly  split  between  606  and  589  cm-1,  and  two 
broad  humps  appear  around  239  and  218  cm”1.  In  case  of  the 
conventional  LiNio.5Mn1.5O4  with  perfect  primitive  simple  cubic 
structure  ( P4332 ),  the  peak  intensity  at  161  cm”1  is  much  higher 
than  the  other  two  major  peaks  in  491  cm”1  and  635  cm”1.  Flence, 
the  relatively  reduced  peak  at  161  cm”1  for  pristine  LiNio.5Mn1.5O4 


Table  1 

The  atomic  concentrations  determined  by  the  fitting  Mn  2p3/2  and  Ni  2p3/2  spectra 
via  Gaussian— Lorentz  curve  fitting. 


Sample 

Mn  2p3/2  atomic 

Ni  2p3/2  atomic 

concentration  % 

concentration  % 

Mn3+ 

Mn4+ 

Ni2+ 

Ni3+ 

Pristine  LiNio.5Mn1.5O4 

35.0 

65.0 

30.3 

69.6 

Treated  LiNio.5Mn1.5O4 

39.6 

60.4 

24.5 

75.5 
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Fig.  3.  Changes  in  the  depth  profiles  of  Ni  and  M  ions  in  LiNio.5Mn1.5O4  after  the  nitric  acid  treatment. 


points  out  that  its  structure  is  constructed  by  the  mixed  framework 
comprised  of  not  only  P4332  but  also  Fd3m  in  accordance  with  XRD 
refinement  analysis  [24].  Nitric  acid  treatment  significantly  reduces 
the  intensities  of  peaks  at  635, 491  and  161  cm-1  as  shown  in  Fig.  4. 
It  means  that  its  surface  structure  becomes  more  Fd3m-like 
together  with  the  weakening  of  Mn-0  bonds  and  Ni-0  bonds 
followed  by  the  reduced  cation  ordering  in  16d  octahedral  site 
(Fig.  5). 

The  cyclic  voltammetry  (CV)  curves  of  pristine  LiNio.5Mn1.5O4 
and  surface-treated  LiNio.5Mn1.5O4  using  nitric  acid  are  shown  in 
Fig.  S5.  The  double  peak  profile  in  the  range  of  4.4-4.6  V  during 
reduction  can  be  assigned  to  the  two-step  oxidation  of  Ni2+  to  Ni3+, 
and  Ni3+  to  Ni4+  [25].  Particularly,  the  intensity  of  peak  attributed 
to  the  Ni2+/Ni3+  redox  couple  is  reduced  by  nitric  acid  treatment, 
while  a  small  redox  peak  in  4  V  region  is  more  developed  indicating 
that  Mn3+/Mn4+  redox  reaction  is  activated  as  a  result  of  nitric  acid 
treatment.  It  resultantly  indicates  that  the  oxidation  of  Ni2+  to  Ni3+ 
induce  the  reduction  of  Mn4+  to  Mn3+  for  the  electrostatic  charge 
balance,  as  confirmed  by  XPS.  Fig.  6(a)  compares  the  charge/ 
discharge  profiles  of  pristine  LiNio.5Mn1.5O4  and  surface-treated 
LiNio.5Mn1.5O4  using  nitric  acid  during  cycling.  For  all  samples, 
two  distinct  plateaus  are  observed  around  4.7  V,  which  arise  from 
the  consecutive  reduction  from  Ni2+  to  Ni4+,  and  there  is  a  small 
plateau  in  4  V  region  linked  to  Mn3+/Mn4+  [10,11].  Even  if  the  CV 
curve  of  surface-treated  LiNio.5Mn1.5O4  looks  almost  void  of  the 


Raman  Shift  (cm'1) 


trace  of  Ni2+,  this  observation  shows  that  the  effect  of  nitric  acid 
treatment  is  just  confined  to  the  surface  of  pristine  sample. 
Flowever,  the  larger  capacity  in  the  4  V  region  of  surface-treated 
sample  compared  to  pristine  sample  is  apparently  evident  of  the 
increased  amount  of  Mn3+  by  nitric  acid  treatment  in  good  agree¬ 
ment  with  XPS  and  CV  analyses.  Because  the  plateau  around  4  V  is 
regarded  as  a  clear  evidence  of  Fd3m  disordered  structure  where 
the  16d  octahedral  sites  have  a  disordered  array  of  cations,  the 
electrochemical  properties  of  LiNio.5Mn1.5O4  is  inevitably  influ¬ 
enced  by  this  treatment.  Compared  to  Fd3m  disordered  structure 
having  one-step  phase  transition  between  two  cubic  phases,  P4332 
ordered  structure  would  get  much  larger  strain  during  lithiation/ 
delithiation,  originating  from  two-step  phase  transitions  between 
three  cubic  phases  [26].  The  extended  cycling  to  100th  cycle 
at  55  °C  makes  pristine  LiNio.5Mn1.5O4  (Fig.  6(a))  suffer  from 
significant  polarization  increase  followed  by  severe  capacity 
fading.  Contrarily,  the  polarization  change  of  surface-treated 
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Fig.  4.  Raman  spectra  of  the  pristine  LiNio.5Mn1.5O4  and  surface-treated  LiNio.5Mn1.5O4  Fig.  5.  Schematic  illustration  of  the  structural  changes  induced  in  LiNio.5Mn1.5O4  by  the 
samples.  nitric  acid  treatment. 
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Fig.  6.  (a)  Charge/discharge  curves  of  the  pristine  LiNio.5Mn1.5O4  and  surface-treated 
LiNio.5Mn1.5O4  samples  after  the  1st,  50th,  and  100th  cycle  at  55  °C.  (b)  Electro¬ 
chemical  cycling  performances  of  the  pristine  LiNio.5Mn1.5O4  and  surface-treated 
LiNio.5Mn1.5O4  samples. 

LiNio.5Mn1.5O4  is  relatively  insignificant  achieving  an  excellent 
cyclic  stability.  Fig.  6(b)  shows  that  nitric  acid  treatment  greatly 
enhances  the  cyclic  stability  of  pristine  LiNio.5Mn1.5O4.  Actually,  its 
cyclic  retention  has  been  improved  from  72%  of  the  initial  capacity 
to  87%  after  100  cycles  at  55  °C,  respectively.  The  electrochemical 
superiority  of  surface-treated  LiNio.5Mn1.5O4  is  believed  to  result 
from  the  reduced  cation  ordering  induced  by  the  partial  reduction 
of  Mn  ions.  Previous  studies  have  shown  that  the  electrochemical 
superiority  of  the  Fd3m  space  group  to  the  P4332  group  is  associ¬ 
ated  with  higher  electronic  conductivity,  lower  degree  of  polari¬ 
zation,  and  lower  activation  energy  [27].  Because  the  surface- 
treated  LiNio.5Mn1.5O4  sample  had  a  surface  structure  that  was 
more  Fd3m-like,  as  had  been  indicated  by  the  results  of  the  various 
analyses,  the  nitric  acid  treatment  had  a  positive  effect  on  the 
electrochemical  properties  of  LiNio.5Mn1.5O4.  The  slight  reduction 
in  polarization  seen  in  the  cyclic  voltammetry  curve  of  the  surface- 
treated  LiNio.5Mn1.5O4  sample  was  also  evidence  of  this  positive 
effect  (Fig.  S5).  In  addition,  even  though  Mn3+  ions  have  generally 
been  reported  to  have  negative  effects  on  LiMn204,  owing  to  the 
Jahn-Teller  distortion  and  the  dissolution  of  Mn,  a  number  of 
research  groups  have  already  demonstrated  that  the  disordered 
structure  ( Fd3m )  induced  primarily  by  the  Mn3+  ions  tends  to 
improve  the  electrochemical  performance  of  LiNio.5Mn1.5O4 
[24,26,28,29].  However,  the  correlation  between  the  concentration 
of  Mn3+  ions  in  LiNio.5Mn1.5O4  and  their  effect  on  its  electro¬ 
chemical  performance  need  to  be  elucidated  further.  In  this  study, 


the  elemental  depth  profile  of  the  surface-treated  LiNio.5Mn1.5O4 
sample  provided  significant  clues  about  this  phenomenon.  Fig.  S4 
shows  that  the  surface  concentration  of  Mn  was  lower  compared 
to  that  of  the  bulk,  reducing  the  possibility  of  Mn  dissolution  at  high 
temperatures.  As  for  the  Jahn-Teller  distortion,  the  disordered  16d 
sites  composed  of  Mn  and  Ni  atoms  seem  to  be  the  key  against  the 
electrochemical  degradation  induced  by  the  distortion. 

4.  Conclusion 

In  summary,  we  have  demonstrated  that  reducing  the  degree  of 
cation  ordering  in  the  16d  octahedral  site  of  LiNio.5Mn1.5O4  is  an 
effective  way  to  improve  its  electrochemical  properties  especially 
at  high  temperature.  XRD  patterns  coupled  with  XPS  and  Raman 
spectra  indicate  that  nitric  acid  treatment  renders  pristine 
LiNio.5Mn1.5O4  more  Fd3m-like  together  with  the  reduced  cation 
ordering  in  16d  octahedral  site.  Thanks  to  this  characteristic 
structural  change,  surface-treated  LiNio.5Mn1.5O4  using  nitric  acid 
shows  a  superb  cyclic  stability  that  87%  of  the  initial  capacity  is  still 
maintained  after  100th  charge/discharge. 
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